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OTHER PROPERTIES OF TRANSPAREXI? PLASTICS 

By Irvin Wolock and Desmond A. George 

An investigation was made of the effects of orientation by multi- 
axial stretching on properties of various plastic glazing materials. 
The materials studied were Lucite EC-222 (polymethyl methacrylate), 
Plexiglas 55 (modified polymethyl methacrylate), Gafite, and resin C 
(polymethyl alpha-chloroacrylate). The following tests were conducted 
on samples of these materials stretched up to 150 percent: Dimensional 
stability at elevated temperatures, surface abrasion, standard tensile 
tests, and stress-solvent crazing tests using ethylene dichloride. 

l 

. 

The results show that (1) the resistance to surface abrasion is 
decreased, (2) the tensile strength is increased slightly, (3) the 
total elongation is greatly increased, and (4) the modulus of elas- 
ticity is essentially unchanged by multiaxial stretching. Most of the 
materials stretched 45.percent or more did not stress craze in the ten- 
sile tests. The threshold stress required for stress-solvent crazing 
for each material was also greatly increased by stretching. The rela- 
tive solvent-crazing resistance in the stretched state of the various 
materials investigated was found to be in direct relation to the 
solvent-crazing resistance of the unstretched material. Annealing of 
the unstretched and the stretched materials increased the resistance to 
stress-solvent crazing appreciably. 

There is some indication that Poisson's ratio for the stretched 
polymethyl methacrylate is greater than that for the unstretched material. 

INTROlXJCTION 

Previous work conducted at the National Bureau of Standards on the 
effect of multiaxial stretching on properties of polymethyl-methacrylate 
plastic sheet has shown that the resistance to crazing is greatly in- 
creased by such orientation (refs. 1 and 2). In addition, work 
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conducted at the Naval Research Laboratory and at North American Aviation, 
IIlC., has shown that the shattering characteristics are also greatly 
improved by multiaxial stretching. As a result of this work, development 
programs are now under way in commercial laboratories for the production 
of airplane canopies from multiaxially oriented polymethyl methacrylate. 

Several new or modified transparent plastics have recently been pro- 
duced, offering increased heat resistance and craze resistance. The 
present investigation was undertaken to determine the effects of multi- 
axial stretching on properties of these polymers, in view of the increased 
heat resistance they offer. 

The authors wish to achowledge the cooperation of Dr. John F. 
Woodman of the Robm &Haas Co., Inc., and representatives of the 
E. I. ,du Pdnt de Nemou.rS & Co., Inc., during the course of this work. 
Dr. Saul R. But of the General Aniline and Film Corp. and Dr. C. E. 
Barnes of Arnold, Hoffman and Co., Inc., American representatives of the 
Dnperial Chemical Industries, Ltd., of England, kindly supplied samples 
of their experimental polymers for use in this pro3ect. The assistance 
of Misses Mary K. Mutchler and Martha A. Sherman in performing scane of 
the tests is greatly appreciated. The statistical design of the tests 
and analysis of the data were supervised by Mr. John Mandel. The inves- 
tigation was conducted at NBS under the sponsorship and with the financial 
assistance of the National Advisory Committee for Aeronautics; the help 
of this agency and members of its staff is gratefully acknowledged. 

MATERIALS 
. 

The following transparent plastics were studied in this investigation: 

(a) Lucite HC-222 (MIL-P-5425A): Ultraviolet-absorbing heat-resistant- 
grade polymethylmethacrylate, produced by E. I. du Pont de Nemours & Co., 
Inc. Specimens were tested from two sheets from each of two batches. 
Each sheet was 56 by 48 inches and of nominal l/4-inch thickness. 

(b) Plexiglas 55 (MILP-8184): Modified polymethyl-methacrylate 
produced by the Rohm & Haas Co. Specimens were tested from two sheets 
fran the same batch. Each sheet was originally 48 by 72 inches and each 
was cut into four sheets 24 by 36 inches and of nominal l/+-inch thiclmess. 

(c) Gafite: Polymethyl alpha-chloroacrylate made by General Aniline 
and Film Corp. The sheets received represent experimental material since 
this polymer is not yet in commercial production. Specimens were tested 
from two sheets, each 36 by 60 inches and approximately l/+inch thick. 
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(d) Resin C: Polymethyl alpha-chloroacrylate, produced by Imperial 
Chemical Industries, Ltd., of England and obtained through the American 
representatives, Arnold, Hoffman and Co., Inc. The samples received 
represented experimental material. Specimens were tested from two sheets, 
each 36 by 48 inches and appromtely l&inch thick. 

Forming 

Experiments were made by heating pieces of the materials at various 
temperatures for various periods and then attempting to stretch them to 
select the optimum conditions for stretching the materials needed for 
the evaluation tests. The temperatures were not extended beyond those at 
which apparent degradation occurred for each material. The apparatus and 
the conditions selected are as follows: 

Equipment.- The equiFnt used for the multiaxial stretching is 
described in detail in reference 1. It consisted essentially of a flanged 
cylindrical vessel, approximately 12 inches in diameter, open at the top 
and having two outlets from the sides, one to vacuum and one to the atmos- 
phere. A l&-inch-square sheet of the plastic was heated in an air- 
circulating oven to the forming temperature, removed, quickly placed over 
the top of the vessel, and clsmped in place. The vessel was then evac- 
uated and the plastic drawn into the vessel in the form of a hemisphere. 
An inner metal cylinder was inserted into the hemisphere and clamped in 
place, and air was admitted into the vessel. The plastic retracted 
around the inner cylinder, roughly forming a top hat. Test specimens 
were taken from the IO-inch-diameter flat top of the formed piece. Tests 
described in reference 1 showed that the degree of stretching was uniform 
over the area of the flat disk. 

Stretching conditions.- The Lucite HC-222 was heated by suspending 
the piece to be stretched in the air-circulating oven at 165O C for 
30 minutes prior to stretching. The Lucite was stretched 50, 100, and 
1% percent. 

The Plexiglas 55 was heated at 185O C for 30 minutes prior to 
stretching,and was stretched 45 and 85 percent only. The time of heating 
was varied from 15 to 30 minutes and the temperature from 160~ to 185O C, 
but it was still not possible to stretch this material more than 85 per- 
cent with the equipment used. 

The Gafite was heated at 1800 C for 30 minutes prior to stretching. 
There was no visible degradation of the material at this temperature in 
this period. Thermal degradation of polymethyl alpha-chloroacrylate, 
as evidenced by bubbling or "pimpling," was a problem. 



The resin C was heated at 180' C for only 15 minutes before 
stretching. This abbreviated heating period was used because bubbles 
developed in some specimens when heated at l&I0 C for 30 minutes. 

Methods of Test 

The following tests were conducted on specimens of the unstretched 
and stretched materials: Dimensional stability at elevated temperatures, 
resistance to surface abrasion, standard tensile, and stress-solvent 
crazing. These tests were made at 23' C and s-percent relative humid- 
ity after the specimens were stored at these conditions for at least 
96 hours, unless otherwise specified. 

Dimensional stability.- Dimensional-stability tests were conducted 
to provide thermal-relaxation data and to provide data from which an- 
nealing conditions for the stretched materials could be determined. The 
specimens were small irregular pieces remaining after tensile and abra- 
sion specimens were cut from the formed disks and were approximately 

1 by G5 inches in size. Two lines approximately l-$ inches apart were 
-- ----. -- - _ _.. 

scribed on the s&&e of the s&.mens with a razor blade and the exact 
distance between the lines read to the nearest hundredth of an inch using 
a steel scale graduated in hundredths of an inch and a magnifying glass. 
The specimens were then laid on a sheet of plate glass and placed in an 
air-circulating oven at the test temperature. At the end of 2 hours, 
the specimens were removed from the oven and allowed to cool for 5 min- 
utes, and the distance between the lines was measured. The specimens 
were then replaced in the oven and the readings repeated, in most cases, 
at the end of 6 hour13, 1 day, 2 days, and 3 days. Several specimens 
were measured after they had cooled to room temperature, and no signif- 
icantdifference was found in the measurements made while-the specimens 
were hot and after they had completely cooled by the measuring technique 
used. Four specimens of each degree of stretch of each material were 
tested at each temperature. 

Surface abrasion.- The resistance to surface abrasion was deter- 
mined for unstretched and stretched materials, following method 1092.1 
of reference 3. A Taber abraser was used with CS-10 Calibrase wheels 
and a load of 1,000 grams on each wheel. Haze and light-transmission 
measurements were made in accordance with method 3022 of reference 3, 
using an integrating-sphere haze meter. These measureme nts were made 
after 0, 10, 25, 50, 75, 100, I%, 200, and 250 revolutions of the 
abrader. 

Specimens were cut from the formed disks so that three abrasion 
specimens were obtained from each pair of disks of the ssme degree of 
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stretch, that is, two specimens from one disk and one specimen from the 
other. As a result, I2 specimens were prepared for each degree of stretch 
for the Lucite and Pleldglas, and six Bpecimens of each degree of stretch 
for the Gafite and resin C. 

Standard tensile tests.- The standardtensiletests were made in 
accordance with method loll of reference 5 using the !Qpe 1 specimen. 
The tests were conducted on a 2,400~pound Ealdwin-Southwark hydraulic 
universal testing machine. Load-elongation data were recorded graph- 
ically using a Southwark-Peters extensometer and recorder. A testing 
speed of 0.05 inch per minute was used up to lo-percent elongation at 
which point the gage was removed and the speed increased to approxi- 
mately 0.25 inch per minute. Elongations greater than 10 percent were 
measured with dividers. 

In previous tests, uBe of the strain gage with tensile specimens 
of stretched material resulted in a tendency toward premature failure, 
probably caused by the Wfe edges of the gage. However, it was desir- 
able to u8e the strain gage to obtain load-elongation data frm which 
the tensile modulus of elasticity could be calculated. Therefore, half 
of the specimens of the stretched materials were tested using the strain 
gage andhalf were testedwithoutthe gage. It was observed-that, if 
the gage remained on a specimen of stretched material up to lo-percent 
elongation, the specimen would indent apprecfably in the vicinity of 
the gage springs and fail here. To prevent this, the gages were 
removed at 2- to 5-percent elongation, still permitting calculation of 
the modulus of elasticity froan the load-elongation data obtained. 

Two standard tensile specimens were obtained from each stretched 
disk. Thus 16 unstretched specfmens and 8 stretched specimens of each 
degree of stretch of the Gaffte and resin C, and 32 unstretched speci- 
mens and 16 stretched specimens of each degree of stretch of the Lucite 
and Plexiglas were tested. 

Stress-solvent crazing tests.- The stress-solvent crazing tests 
were conducted using tensile specimens tapering in width from 0.500 to 
0.333 inch over a 5-inch reduced section. Thus for a given applied load 
the stress varied over the Length of the specimen from a value S at 
the maximum cross section to 1.5s at the minImum. In conducting the 
test, a predetermined load was applied to the specimen, and a solvent- 
saturated blotter, backed with a block of polyethylene for rigidity, 
was held agaFnst one face of the specimen for 10 seconds. 'Iheloadwas 
removed after 30 seconds, and the stress at the point at which crazing 
terminated was calculated as the threshold stress for stress-solvent 
crazing. For a given material, this stress till usually vary with the 
solvent used. Ethylene dichloride was selected for use in these tests 
as it was desirable to use one solvent for all of the materials and this 
solvent would cause apprechble c&zing on all of the materials to be 
tested. 
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Heat treatment.- Half of the unstretched tensile specimens of each 
material were subJected to the same heating cycle and rapid cooling as 
that used in stretching to determke the effect of this cycle on the 
tensile properties. In addition, half of the unheated and half of the 
heated unstretched tensile specimens as well as half of the stretched 
tensile specimens were snnealed prior to testing. Also, one-third of 
the abrasion specimens were annealed. The annealing temperature for 
each material uas selected from the results of the dimensional-stability 
tests and was selected as the maximum temperature at which the stretched 
material could be heated for 6 hours with less than 5-percent relaxation. 
The temperatures selected were gO" C for Lucite HC-222, 100° C for 
Plexiglas 55, and IlOo C for Gafite and resin C. The specimens were 
allowed to cool slowly to room temperature in the oven by turning off 
the heat and the circulating fan. 

. 

Statistical Design 

For each test, all of the specimens of a given material were tested 
prior to testing the next material. The order of testing of the specimens 
for each material in each test was randomized to minimize bias. 

In the tensile tests, for each material and test a simple pooled 
measure of precision was calculated from the variability of the replicate 
specimens of the same sheet tested for each condition. This standard 
deviation is listed in the tables of results. The standard error corre- 
sponding to any reported average can be calculated by dividing the stand- 
ard deviation by the square root of the number of specimens involved. 
The standard error is reported directly for-the abrasion results. 

L 

I 

RESULTS AND DISCUSSIOH 

Dimensional Stability 

The results of the dimensional-stability tests are presented in 
tables I to IV. In the tests in which there were large decreases in the 
length of the specimens, most of this decrease occurred in the first 
2 hours. For each material', the higher the degree of stretching, the 
greater was the relaxation at any temperature. Although the differences 
in thickness in specimens of varying degrees of stretching might affect 
the extent of relaxation after a short heating period, it is doubtful 
that the thickness differences would affect the degree of relaxation 
after an extended heating period. In comparing the relaxation behavior 
of the various &ret.ched materials at a given temperature, it is observed 
that the higher the heat-distortion point, the lower the degree of relax- 
ation. Thus for a given degree of stretch at a given temperature, the 

L 
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Gafite and resin C, with a heat-distortion point of approximately 130° C, 
relaxed the least; the Plexiglas 55, having a heat-distortion point of 
approximately 105O C, relaxed more; and the Lucite HC-222, having a heat- 
distortion point of approxwtely 100° C, relaxed the most. 

Surface Abrasion 

The results of the surface-abrasion tests are presented in table V. 
Values for light transmission and haze before and after abrasion are 
tabulated, as well as values for the slope of the initial portion of the 
abrasion curve obtained by plotting "Percent haze" against "Number of 
revolutions" of the Taber abraser. The results obtained for the annealed 
specimens were similar to those obtained for the unannealed specimens so 
the data were pooled. The results indicate that the resistance to abra- 
sion is decreased by multiaxial stretching and there is scmte indication 
that this resistance decreases as the degree of stretching increases. 
There is fair correlation between the value for haze after 250 revolutions 
and the slope of the abrasion curve as a measure of surface abrasion. 
The Gafite and resin C were the most abrasion resistant, the Plexiglas 55 
was slightly less resistant, and the Lucite E-222 was the least resistant. 
The materials having the greatest abrasion resistance in the unstretched 
state also had the highest resistance when stretched. 

m Standard Tensile Tests 

Lucite HC-222.- The results of the standard tensile tests on 
Lucite HC-222 are shown in table VI. A series of typical stress-strafn 
diagrams for unstretched and stretched Lucite HC-222 is presented in 
figure 1. The shape of the stress-strain curve is not appreciably altered 
by the stretching. 

The heating-and-cooling cycle used in the stretching operation did 
not affect the tensile strength of the unstretched material. Annealing 
resulted in a slight increase in tensile strength of the unstretched and 
the stretched materials. In addition, there was a slight increase in 
tensile strength on stretching. 

c 

The total elongation was not affected by the heating or annealing 
of the unstretched material or by annealing of the stretched material. 
The elongation was higher for the stretched materials than for the 
unstretched. It is difficult to make any conclusions as to the variation 
of elongation with degree of stretching because of the variability of the 
measurements. Several specimens of unstretched material were tested with- 
out a strain gage to determine if the gage appreciably affected the tensile 
strength or the total elongation. No significant differences were found. 
There was also no significant difference in the values for total elongation 
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of stretched specimens tested with a gage or without a gage, so these 
data were pooled. 

The secant modulus of elasticity was calculated for the stress 
range of 0 to 2,500 psi. This part of the load-deflection curves was 
essentially a straight line. The modulus was not affected by heating 
or annealing. There was some indication of a slight increase in modulue 
for the highly stretched material. .- 

The stress and the strain at the onset of crazing for the unstretched 
material were not affected by the various treatments. This crazing 
occurred at approximately 90 percent of the tensile strength. None of 
the specimens of the stretched materials crazed in these tests. 

Plexiglas 55.- The results of the standard tensile tests on 
Plexiglas 55 are preeented in table VII. The stress-strain curves 
obtained for the Plexiglas 55 were similar in shape to those obtained 
for the Lucite HC-222. As in the case of the Lucite, the heating did 
not affect the tensile strength whereas the annealing resulted in an 
increase in the tensile strength of the unstretched and the stretched 
materials. There was also a slight increase in tensile strength for the 
stretched material compared with that of the unstretched. 

Heating or annealing of the unstretched m&erial or annealing of 
the stretched material did not affect the total elongation. Again the 
elongation was much higher for the stretched materials than for the 
unstretched, but there was no significant variation of elongation of the 
stretched material with degree of stretching. 

The modulus of elasticity was not affected by heating or by annealing, 
but there was some indication of a slight increase in modulus for the 
more highly stretched material. 

The stress at which crazing occurred was increased by annealing the 
unstretched material. The heating-and-cooling cycle used in stretching 
also increased the stress required for crazing. However, there wee no 

difference between the annealed specimens and the specimens that were 
heated and annealed. Crazing of the unstretched material occurred at 
approximately 95 percent of the tensile strength. None of the stretched 
specimens crazed. 

Gafite.- All of the standard tensile specimens of Gafite were 
annealed, and the results of the tensile tests are presented in table VIII. 
There was no significant difference in tensile strength of the aMealed 
and the heated and annealed unstretched specimens. Multiaxial stretching, 
however, resulted in a significant increase in tensile strength. 
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The total elongation of the stretched materials was again much 
greater than that of the unstretched material. The stretched tensile 
specimens that were tested tith a strain gage failed at significantly 
lower elongations than those tithout a gage. The elongation data listed 
in the table are based on the specimens tested without a gage since these 
values would represent the true values. 

The secant modulus of elasticity was not effected by the heating or 
by stretching. 

The increase in the average value for the stress at which crazing 
occurs for the heated unstretched specimens over that for the unheated 
specFmen6 was not statistically significant. The unstretched specimens 
crazed at approximately 85 percent of the tensile strength. Half of 
the tensile specimens of the material stretched 50 percent crazed at 
stresses very close to the ultimate strength, and half of the specimens 
broke without crazing. None of the more highly stretched specimens 
crazed. 

Resin C.- The results of the tensile tests of resin C are shown in 
table IX. Typical stress-strain diagrams for unstretched and stretched 
specimens of this material are presented in figure 2. Unlike the Lucite 
and Plexiglas, the unstretched resin C failed before reaching a yield 
point. The stretched material, however, reached a yield point before 
failing, as shown. Similar diagrams were obtained for Gafite. 

Heating or annealing did not affect the tensile strength of the 
unstretched material. Annealing increased the tensile strength of the 
stretched materials, however. The tensile strength of the stretched 
materials was appreciably higher than that of the unstretched material. 

The total elongation of the stretched materials was also higher than 
that of the unstretched material. The elongation appeared to decrease 
as the degree of stretching increased. 

The secant modulus of this material was increased slightly by the 
multiaxial stretching. 

The stress and the strain at which crazing occurred were not 
affected by heating or annealing the unstretched material, and crazing 
occurred at approxim%tely 82 percent of the ultimate strength. None of 
the stretched materials crazed in the tensile tests. 

Comparison.- The polymethyl alpha-chloroacrylate materials had the 
highest tensile strengths of the materials tested and showed the largest 
increases in tensile strength on stretching. This Increase is probably 
due to the more polar nature of the molecule. The tensile strength of 
the Plexiglas 55 was slightly higher than that of the Lucite HC-222. 
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The total elongation of the chloroacrylate materials was much less than 
that of the two methacrylate materials, in both the unstretched and the 
stretched states. The modulus of elasticity was much higher for the 
chloroacrylates. The values for the PlexigLas 55 and the Lucite HC-222 
were approxim8tely the seme. None of the materials showed a Large increase 
in modulus on stretching. Crazing occurred at higher stresses in the 
chloroacrylate materials than in the methacrylate materials but at a 
slightly lower percentage of the ultimate strength and at a lower strain. 
The Plexiglas 55 crazed at slightly higher stresses than the Lucite HC-222. 
In general, the specimens of the stretched materials did not craze in the 
standard tensile tests. 

Stress-Solvent Crazing 

Lucite HC-222.- The results of stress-solvent crazing tests, shown 
in table VI, indicate that both heating and snne8ling increased the 
craze resistance of the unstretched Lucite HC-222. The craze resistance 
of the unstretched material w&e approxfmately doubled by heating and 
annealing and w&s increased approximately 50 percent by annealing alone. 
The resistance to stress-solvent cr8zing was increased by stretching and 
increased as the degree of stretching increased. Annealing increased 
the threshold stress of the 50-percent-stretched material, but the vari- 
ability of the measurements masked any effects of annealing for the more 
highly stretched materials. It is interesting to note that the threshold 
stress for the unstretched material after heating and annealing is slightly 
greater than that for the unsnne8led 50-percent-stretched material. 

Plexiglas 55.~ The values for threshold stress for stress-solvent 
cr8zing are presented in table VII for the Plexiglas 55. The crazing 
resistance of the unstretched material was increased approxim8tely 
25 percent by annealing. There x&e also a slight increase in craze 
resistance on heating the unstretched material. The threshold stress 
for stress-solvent crazing again increased as the degree of stretching 

- increased and the craze resistance of the stretched material w8e increased 
by annealing. 

Cafite.- The results of the stress-solvent crazing tests obtained 
for Gafite are listed in table VIII. The specimens that were heated and 
then cooled r8pidly to simulate the stretching cycle warped slightly 
when cooled. As a result, the values for threshold crazing stress varied, 
depending on whether the solvent was applied to the concave face or the 
convex face. The average threshold stress for the concave faces v&s 
2,690 psi and that for the convex fsces xas 4,460 psi. Thus any slight 
curvature introduced into the sheets prod&es a-marked effect on the 
crazing behavior. For the unstretched specimens that were not heated, 
the resistance to crazing ~8s increased by annealing. The threshold 
stress for stress-solvent crazing increased greatly as the degree of 

. 

. 
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stretching increased. In fact, half of the 150-percent-stretched spec- 
imens did not craze Et stresses greater than 90 percent of the tensile 
strength. Annesling markedly improved the craze resistance of the 
stretched m8terials. 

Resin C.- The stress-solvent crazing data for resin C are presented 
in table Ix. The hearting cycle incressedthe threshold stress for strees- 
solvent crazing appreciably for the unstretched material. Annealing 
increased the craze resistance of the unstretched specimen6 that were 
not he&ted but had little effect on the specimens that were heated. 
Resistance to crazing increased greatly with stretching and none of the 
150-percent-stretched specimens crazed at stresses of 8pproxAmately 
95 percent of the tensile strength. Annesling fncreased the craze 
resistance of the 50- and the loo-percent-stretched materials. 

Comparison.- MLi&isldsl stretching markedly increased the threshold 
stress for stress-solvent crazing for 8l.l of the materials tested. This 
threshold stress increased for each material 8s the degree of stretching 
increased. The Lucite HC-222 showed the least resistance to stress- 
solvent crazing with ethylene dichloride compared with the other mater1816 
tested. This w&e true for the unstretched state 8s weILL ES for the 
stretched. The Plexiglas 55 w&s next best in craze resist8nce and w&S 
consider8bly better th8n Lucite HC-222. In fact, the 45-percent-stretched 
Plexiglas 55 was more craze resistant th8n the 150-percent-stretched 
Lucite HC-222. The cbloroscryL8te materials were by far the most resist- 
ant to stress-solvent crazing with ethylene dichloride. The threshold 
stress for the heated unstretched resin C w8s approximately the s8me ES 
that for the 150-percent-stretched Lucite HC-222, and the threshold stress 
for the 50-percent-stretched resin C was greater than that for the 
85-percent-stretched Plexiglas 55; For these four transparent plastics, 
those which had the higher craze resistance in the unstretched state 
8160 had the higher craze resistance in the stretched state. 

Effect of Anne8ling and of Heating 

The effects of heating and of 8nnealing of the test specimens were . 
not completely consistent for 811 of the m8terials tested. For the 
unstretched materials, the heating and rapid cooling did not significantly 
affect the tensile strength of any of the materials. Annealing the 
unstretched specimens increased the tensile strength of the heated and 
unheated Lucite HC-222 and Pletiglas 55. Annealing the stretched spec- 
imens resulted in increased tensile strengths in every case. 

The stress at which crazing occurred in the standard tensile tests 
w&s not significantly affected by annealing or by the heating cycle 
except for the Plexiglas 55. In this c&se, annealing increased the stress 
required 86 did the heating cycle alone, but there w&e no difference 
between the annealed specimens and the specimens that were he8ted and 
annealed. 
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The threshold stress for stress-solvent crazing w8s increased by 
heating and by annealing the unstretched specimens of all four materials. 
The threshold stress ~8s also increased by annealing the stretched epec- 
imens of Eall four materials except Lucite HC-222. The threshold stress 
for the 50-percent-stretched Lucite HC-222 specimens was increased by 
arne8ling, but there WEB no signific8nt effect for the more highly 
stretched specimens of this material. 

Annealing did not affect the surface-abrasion resistance of the 
stretched materials. It was thought that the annealing might relieve 
some of the residual stresses in the stretched material, resulting in 
8brEBiOn resistance cmpar&ble with th8t of the unstretchedmaterial. 
The results showthatthis didnotoccur. 

Annealing of the stretched specimens resulted in some relaxation 
of the stretching, corresponding to the values reported in tables I to IV. 
As 8 result of this decrease in degree of stretching, decreased resist8nce 
to crazing and decreEsed teneile strength might be expected. However, 
the effect of annealing WEB 18rge enough to cQnpens8te for this decreased .- 
degree of stretching. 

Tensile Tests at Lar Testing Speeds 

In the previous investigations conducted on stretched polymethyl t 
methacryl8te, very little increase in tensile strength w&6 observed for 
the stretched m8terials over the unstretched. However, there WEB 8 
marked decrease in the cross section of tensile specimens of the stretched Y 
m8terI.a prior to failure beC8U3e of the high elongatians, whereas the 
unstretched nmsterial broke st low strains with little ch8nge in cross 
section. Thus the true stress at f8ilure was probably much greater for 
the stretched specimens th8n that based on the origin8l area. 

Therefore several tests were conducted in this investigation on 
specimens of stretched L.ucite EC7222 a~1d.PlexigJas.55 without increasing 
the speed of testing when the elongstion reached 10 percent. A speed of 
0.05 inch per minute WEB used up to failure. At this low speed, measure- 
ments could be made Of the width and thickness of the specimen at various 
elongations. Fran these data, the true stress at various strains could 
be C8lCulEted and the effect on the tensile properties of incre8sing the 
speed of testing could be detetined. Since most of the specimens of the 
stretched ChlOrO&C~l&~ materials broke Et elOng&tiOIUI Of 20 percent or 
less with little decease in cross section, no measurements of this type 
were made on these specimens. 

In these tests on Lucite HC-222 and Plexiglas 55, the width and 
thickness of the test apecImen were measured with micrometer calipers 
to the nearest thousandth of an inch, st8rting at lo-percent elongation 
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and continuing at intervals of lo-percent elongation until failure. The 
load was observed at each reading. 

The average values obtained in these tests are shown in table X. 
Typic8l true stress-strain diagrams for the stretched Lucite HC-222 and 
Plexiglas 55 are shown in figures 3 to 6. The results show that the 
true stress at the yield point is appromtely 10 percent gre8ter than 
the tensile strength which is based on the original area. The m8terials 
with the highest tensile strength did not have the highest true stress 
Et f&illEe. The 50-percent-stretched materials, which elongated the 
most and thus decreased the most in area, had the highest values for 
true stress at failure. Th8t is, for each material, the true stress at 
failure WEB related to the total elong8tion. The true stress at failure 
varied from approkimately a percent to 50 percent greater than the 
tensile strength. 

From the measurements made in the above tests of the changes in 
dimensions of the tensile specimens of the stretched materials, it was 
possible to calculate values for Poisson's ratio. This is the ratio of 
the fraction change in the lateral dimension to the fraction c&nge in 
length. These values were calculated from changes in width and changes 
in thiCkneB6 for each Specimen, starting at 10 percent elongation, at 
intervals of 10 percent elongation to failure. 

The results show that Poisson's ratio is initially approximately 0.4 
to 0.5 snd decreases to approxim8tely 0.3 to 0.4 as the elongation 
increases. The reported value for Poisson's ratio for unstretched 
Plexigl8s II is 0.35. It will be necessary to refine the technique used 
in mskkg these measurements on stretched material to establish quanti- 
tative rel8tionsbips. Stang, Greenspan, andNewman (ref. 3) showedthat 
for 24S-T aluminum-alloy sheet, 24S-RT dmin~alloy, andchrame- 
molybdenum steel, Poisson's ratio incre&ses, reaches 8 maximum, asd then 
decreases 8s the axial strain increases. This behavior w&e shown to be 
qualitatively the ssme &s that for an ideal c88e of no plastic dilatation 
in an isotropic material. 

Appearance of Crazed Specimens 

The S-h?66 CrEZin@; Of Lucite E-222 WEB Eppa.Ent ES 8 rather uniform 
blushing of the surface, CcmzQon for polymethyl methacrylate. The cr8zing 
of Plex.igl8s 55, although not nearly so uniform nor so dense, also Eppeared 
on the surface only. The stress crazing of the polymetbyl alpha- 
chLoroscryl8te specimene w&e rather uniform and quite dense and was Eppar- 
ent in the interior of the specimens 86 well as on the surface. This WEB 
true for both the G8fite 8nd the resin C. The effect shown in figure 7 
is typical of that observed for sU. the cbloroacrylate specimens which 
had been subjected to each of the heating and 8nnealing treatments. 
Further study will be made of the nature of this crazing. 
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The stress-solvent-crazed specimens were similar in appearance to 
those tested in the previous investigations. The craze cracks of t';e 
stretched m8terialB were finer and more numerous than for the unstretched 
m8teri816. For each material, the cracks became finer ES the degree of 
stretching increased. 

. 

Fracture Behavior 

The fracture surfaces of the unstretched Lucite EC-222 and 
Plexiglas 55 specimens were flat and relatively smooth and were perpen- 
dicular to the C&St f8CeS. A smooth mirrorlike area w8s apparent on -- 
e8Ch fracture Surface and was probably the point at which fracture initi- 
ated. This behavior has been discussed in previous reports (refs. 1 
End 2). The frscture surfaces of the polymethyl alpha-chloroacrylate 
specimens were very rough and uneven and ususJJy slightly rounded. 
Numerous small pieces broke out of the fracture surfaces of the chloro- 
ECI-ylEte SpeCfmeXlB Et fEilUl?e. It w8s very difficult to detect 8 mirror- 
like are8 on most of these specimens. Examples of the fracture surfaces 
are showninfigure 8. 

Second8ry fractures occurred in numerous chloroacrylate tensile 
specimens. Most of these fractures occurred in the portion of the spec- 
imen in the tensile grips and 8re prob8bl.y related to the stresses caused 
by the grips. However, in some cases multiple fractures occurred in the 
reduced portion of the chloroscrylate tensile specimens. A few of the 
Plexiglas 55 specimens had secondary fractures in the tensile grips, but 
there were none in the Lucite EC-222 specimens. Miklowitz (ref. 5) has 
reported secondary fractures for Plexiglas I-A and 8ttribUted this 
secondary failure to the superposition of the longitudinal strain and 
the resultant flexural strain, which together tot81 more than the orig- 
in8l static tensile fracture strain. 

The fracture surfaces of the stretched materials showed the same 
lsmina;r structure observed in the previous investigations of polymetbyl 
methacrylate (refs. 1 and 2). This structure .is probably due to the 
orient8tion of the molecule chains in layers p8rsllel to the plane of 
the sheet. The higher the degree of stretching, the more app?arent u&s 
this layerlike orientation. In many c8ses, 8 tri8ngul8r-shaped piece 
split out of 8 tensile specimen of stretched material at the point of 
failure. This phenaenon, shown in figure 8, probably represents 8 
combination of tensile failure and shear failure. 

CONCLUSIONS 

Tests were conducted to determine the effects of multiaxial 
stretching on various properties of several new transparent plastics. 
As 8 result of this study, the following COnCluSiOns can be made: 
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1. Polymethyl alpha-chloroacrylate c8n be multiaxially stretched at 
least 1% percent, whereas Plexiglas 55 (modffied polymethyl methacrylate) 
cannot be stretched more than 85 percent with the &mar&us used. 

2. The stretched materials will relax gradually if heated to 8 high 
enough temperature. The higher the heat-distortion point of the unstretched 
material, the lower is the extent of relaxation of the stretched material 
at any given tempersture within the range investigated. For any material, 
the higher the degree of stretching, the greater is the extent of relax- 
ation at 8 given temperature. Most of the relexation occurs in the ffrst 
2 hours. 

3. Multiaxial stretching causes the following general. effects in the 
transparent plastics studied: 

t 
8) A decrease in the reSiBt8IEe to surface 8breBiOn. 
b) Aslightincrease intensile strength. 

(c) A large increase fn total elongation. 
(d) Little effect on the tetiile modulus of elasticity. 
(e) Large increases in resistance to stress crazing end to etress- 

solvent crazing. This resistsnce increases with increasing degrees of 
stretching. 

4. Anne8ling increases the tensile strength of the stretched mate- 
rials slightly and has the same effect for some of the unstretched mate- 
rials. The resistance of both unstretched and stretched materials to 
stress-solvent crazing is usually Increased markedly by aunealfng. Meow- 
ever, the stress crazing behavior of the unstretched materials is not 
8ffected by annealing in most cases. Resistance of the stretched mate- 
rials to surface abrasion is not affected by annealing. 

5. There is sae indication that Poisson's ratio for the stretched 
polymethylmethacryla.te is greater than that for the unstretched material. 

N&tional tie&U Of standards, 
W8shington, D. C. 
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TABm I.- DIMENSIONALST!ABII;ITyOFLu=ITEE-222 

[All results are the average for four specimen4 

TemperEture, 
OC 

80 

Time 
Multiexial stretch, percent 

0 50 100 150 

Decrease in length, percent 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0.1 
.l 
.2 
.2 

1.2 1.9 
1.3 l-9 
1.6 2.4 
1.5 2.6 

8.8 15.6 17.5 
12.1 19.1 20.2 
15.0 E-9 25-7 
15.8 24.2 28.0 
16.1 24.6 28.6 
16.4 25.3 29.7 

0.5 
.4 
-7 

1.0 

0.8 
-9 

1.1 
1.1 

2.5 
2.6 

;:; 

AVerage initi8l thickness, in. 

0.26 0.10 0.06 0.04 

. 
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. 

!Ir!ABm II.- DIMENSIOMALSTABILXTYOFPlXXIGL4S~~ 

(al results are the average for four specimens] 

Temperature, 
OC TiltE 

MultIaxIal stretch, percent 

0 I 45 ss 

Decrease fn length, percent 

90 

100 

110 

6': 0 0.4 0.8 
0 1.0 

1 &Y 0 :68 1.0 
2 says .1 1.0 1.1 
3-s .1 -9 1.1 

:iz 0 1.4 1.6 
0 1.3 l-9 

lday .2 1.5 . 2.1 
2-s .2 1.5 l-9 
3-s .2 l-5 2.1 

,z: 0 10.2 
- 

13.0 
0 11.7 14.4 

1 day .2 13.4 15.4 
2-s :; 13.5 15.8 
3aw. 13.9 16.1 

Average initid. thickness, in. 

0.25 0;l2 I 0.07 
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TABIE III.- DIMENSICXALSTAEJILITYOF'GAFITE 

bll results for stretched. material are the average 
for four specimens; for unstretched material, the 
average for two specimen] 

Temperature, 
Oc Time 

Multiaxial stretch, percent 

0 50 100 150 

Decrease in length, percent 

110 2hr 0 0.2 0.4 1.8 
6hr 0 1.8 
1aaY 0 

;g 
1: 2.3 

2days -3 .8 2.3 
z igs 0 0 :; 1.2 1.2 2.0 2.0 

I20 2hr 0 l-3 
6hr 0 l-5 t-t 

4:4 
3 

1 day 0 l-9 5=1 

2aayEl 0 1.9 4.8 3 aam 0 1.9 5.0 ;:; 

130 2hr -7 21.0 36.7 43.8 
6hr 1.0 27.8 43.7 50-5 
1 a=Y 2.0 35.0 

;zi 
61.6 

2 aays 2.3 35-l 
3 days l-7 35.0 5215 

61.8 
62.1 

Average initial thiclmess, in. 
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!TABlE IV.- DIMEXSIONAL STABILITY OF RFXXIV C 

[Ul results are the average for four specimens] 

Temperature, 
OC 

110 

I.20 

130 

Time 
Multiaxial stretch, percent 

2: 
law 
2 aays 
3 says 

Decrease in length, percent 

0.1 
0 
0 
0 

.l 

.2 

.l 

.l 

.l 

.4 

1.4 
1.4 
l-9 
1.6 
2.2 

0.4 

1: 

:"9 

2.0 
2.6 

32.2 
34.3 
35.8 

1.0 1.0 1.1 1.1 
:"9 :"9 1.2 -9 1.2 -9 

l l 9 9 1.2 1.2 
1.1 1.1 1.3 1.3 

3.2 4.1 
3.6 

?Z 
t-t 

4:2 4:6 
5-o 

45.0 51.5 
47.8 55.5 

58.8 
59-l 
59.7 

Average initial thickness, in. 

I 0.27 1 0.10 1 0.06 1 0.04 
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Lucite E-Bb 9.1 f 0.1 88.4 k 0.2 0.3 f 0.1 24.7 f 0.6 
$32.0 f 0.1 07.6 f 0.2 .4 f 0.1 

9$ . ‘: 00.; . 
87.2 t 0.2 .5 f 0.1 g-i r !*Z 
86.8 f 0.2 .4 f 0.1 32:O k l:3 

91.4 f 0.1 88.1 f 0.1 0.5 f 0.1 2ri.8 f 0.3 
91.7 f 0.1 00.0 t 0.2 .6 f 0.1. zy.1 f 0.6 
91.5 f 0.1 07.7 f 0.1 .6 f 0.1 26.6 1 0.4 

90.0 t 0.2 87.5 ? 0.3 0.4 f 0.1 u.6 f 0.7 
90.6 f 0.1 86.8 f 0.2 .6 k 0.2 25.4 f 0.6 

3 . i z . 
87.4 t 0.2 .2 * 0.1 23.8 LIZ 0.8 
06.0 f 2.0 .2 t 0.0 25.2 f 1.2 

91.0 f 0.2 
g*z : i-2" 

0.7 t 0.1 19.4 f 0.4 
9.9 f 0.1 

@IO 012 
.2 * 0.1 24.2 t 0.4 

E . * 2 i-4' . 
+ .2 * 0.1 26.9 f 1.0 

87.1 t 0.1 .6 f 0.1 28.2 t 2.1 

*FiIlalme -t~vereW&er 2~revolutiom. 
bherage for E specimma mlese othervise noted, plus or mbua standard emor. 
cAvera.qe for Xl ~imem. 
aAvera& for 113x epechuena unleaa cdthmde noted, plus or minus standard error. 
=AveIxge! for five BpeCimans. 

Rcein Cd 

$ 
Cl00 
1% 

0 
c45 
85 

5: 
100 

950 

0 
=50 
100 

Cl50 

Lci.ght trBnBmissioll, 
gercelLlt 

) 

Fille.l 

T 
percent haze 

Ember of revolutiona 

0.21 

:2; 
.45 

“:2 
.33 

0.17 
.33 
.31 
.30 

0.14, 
.26 

:;: 

Initi.3Ll slope of 
abraBion cm. 





. 4 * 1 

I -tip- I 
Didnot- 
Didmtcru~ 

I I 







Material 

Lucite Hc-222 

Plexiglas 55 

Ililtiaxial 
stretch,. 
percent 

% 

loo 

150 

45 

85 

E 

L 

Number 
Of 

lpClJIEnS 

he stress 
it failure, 

psi 
(4 

15,330 

14,430 

u,8zu 

15,500 

14,520 

, 
Total 

elongation, 
percent 

(a) 

68 9,970 

50 10,w 

36 10,640 

l-l.,320 

3tress at 
failure, 

PSI 
b) 

These data were obtained in tests conducted at a testing speed of 0.05 In./mIn 
to failure. True strese is bawd on cross-sectional area at failure. 

kChese data were obtained in tests conducted at a testing speed of 0.05 in./tin 
to lo-percent elongation, at which point the speed Watt increased to 0.25 in./min. 
Strese 18 based on original cross-eectional area. 

I 1 . 
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-- STRETCHED 50 PERCENT -- STRETCHED 50 PERCENT 

---c STRETCHED 100 PERCENT -=-c STRETCHED 100 PERCENT 

-- STRETCHED 160 PERCENT c- STRETCHED 160 PERCENT 
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Figure 2.- Stress-strain diagrams of resin C (polymethyl alpha-chlomacrylate). 
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Figure 3.- fIttress-strain disgrsn of Lucilz EC-222 (pdymethyl. nwtbcrylate ), 
mult1axlsJJy stretched 50 percent. 
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MgU?.T 4.- Stm86-0traFn diagram of Lucite EC-222 (polymetbylmethacI$lAe), 
multiaxially 6tretchedl~percerit. 
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Figure 5." BtIWB-StJ&Ll dl@JNll Of Ph!Xi&36 55 (IQOdifi& pOl$lIEtbyl 
lW&acrylak), multlasdally 6tretched 45 percent. 
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Pigwe 7.- Stress-crazed spechem of Iuclte HC-222 (pollymetbylmetbcry ?a 

and reein C (polymethyl alpha-cliloroacrylate). Note Internal crazing 
te) 

apparfat in side view (second specimen) of polymethyl alpha-cl,iLorcacryl.ate 
but not in wide vtew (second speclmea)aP polpnetbylmethacry~~. 
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:gure 8.- 
~-8567 

Fracture surfaces of unstretched and stretched Lucite ;E H -222 
(polymetbylmethacrylate)and resin C (polymethylalpha-chloroacrylate): 
(A)unstretchedpolymetbyLmethacrylate; (B)unstretchedpolymethyl 
alpha-chloroacrylate; (C) modified polymethyl methacrylate stretched 
45 percent; (D) polyntethyl alpha-cbloroacrylate stretched 100 percent. 
Note third piece (turned over) broken out of specimen C. Specimen D 
broke into two pieces only (top piece is turned over). 

~~c~-mhgky - lo-m-64 - aa6 




